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Abstract
Invertebrate and vertebrate rhodopsins share a low degree of homology and are coupled to G-proteins from diVerent families. Here we
explore the utility of Xy-expressed chimeras between Drosophila rhodopsin Rh1 and bovine rhodopsin (Rho) to probe the interactions between
the invertebrate and vertebrate visual pigments and their cognate G-proteins. Chimeric Rh1 pigments carrying individual substitutions of the
cytoplasmic loops C2 and C3 and the C-terminus with the corresponding regions of Rho retained the ability to stimulate phototranduction in
Drosophila, but failed to activate transducin. Surprisingly, chimeric Rho containing the Rh1 C-terminus was fully capable of transducin activa-
tion, indicating that the C-terminal domain of vertebrate rhodopsins is not essential for the functional coupling to transducin.
© 2006 Elsevier Ltd. All rights reserved.
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G protein-coupled receptors (GPCRs)1 respond to a vari-
ety of extracellular signals by stimulating GDP/GTP
exchange on the -subunits of heterotrimeric GTP-binding
proteins (G proteins) at the intracellular surface of the plasma
membrane (Bourne, 1997; Gilman, 1987; Hamm, 1998;
Pierce, Premont, & Lefkowitz, 2002). The coupling of G-pro-
teins with receptors releases GGTP and G, which activate
downstream eVector targets. The seven transmembrane seg-
ment topography characteristic for all GPCRs dictates that
every GPCR has three extracellular (E1–E3) and three cyto-
plasmic loops (C1–C3). The cytoplasmic C-terminal tails of
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doi:10.1016/j.visres.2006.07.013the rhodopsin family (class A) GPCRs often contain palmi-
toylated Cys residues, and a fourth cytoplasmic loop (C4)
results from the palmitoyl group insertion into the membrane
(Gether, 2000). Studies on two classical GPCRs, rhodopsin
and 2-adrenergic receptor, revealed similar agonist/signal-
induced conformational changes in the third and sixth
transmembrane helices, suggesting a common activation
mechanism for the class A GPCRs (Ballesteros et al., 2001;
Gether, Asmar, Meinild, & Rasmussen, 2002; Hubbell,
Altenbach, Hubbell, & Khorana, 2003, 2000; Okada, Ernst,
Palczewski, & Hofmann, 2001.) These conformational
changes are relayed to the receptor cytoplasmic surface
thereby exposing sites for the interaction and activation of G
proteins. The generalities in GPCR organization and activa-
tion mechanisms may explain the broad and successful use of
chimeric receptors to study structure–function relationship of
GPCRs, and, particularly, receptor coupling to G proteins
(Wess, 1998; Yin, Gavi, Wang, & Malbon, 2004).
The phototransduction cascades in vertebrates and
Drosophila have major diVerences. In the outer segments of
vertebrate rod photoreceptor cells, photoexcitation of
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ducin (Gt), and, via GtGTP-induced activation of cGMP-
phosphodiesterase, closes cGMP-gated channels in the
plasma membrane (Arshavsky, Lamb, & Pugh, 2002). In
rhabdomeres of Drosophila R1–R6 photoreceptor cells, the
ninaE-encoded rhodopsin Rh1 is coupled to Xy Gq, which
mediates the light-dependent activation of phospholipase C
and opening of TRP/TRPL channels (Montell, 1999;
O’Tousa et al., 1985; Pak & Leung, 2003). The relatively
low degree of homology (»22% identity) between Rho and
Rh1 and the diVerences in the downstream signaling sug-
gest the potential usefulness of Rho–Rh1 chimeras to study
the Rho/transducin and Rh1/Gq interactions. We recently
demonstrated a high-level expression of bovine Rho in
transgenic Drosophila R1–R6 photoreceptor cells in the
absence of endogenous Rh1 opsin (Ahmad, Natochin,
Barren, Artemyev, & O’Tousa, in press). The Drosophila-
expressed Rho was associated with the Rh1-speciWc chro-
mophore, 3-hydroxyretinal, and correctly targeted to the
rhabdomeres. In contrast to Rh1, after properly localizing
to the rhabdomeres, Rho was unable to maintain long-term
rhabdomeric integrity (Ahmad, Natochin, Artemyev, &
O’Tousa, unpublished observation). Furthermore, Rho in
Xies did not activate the Drosophila phototransduction
pathway, but supported light-dependent transducin activa-
tion in a reconstituted system in a similar way as native
Rho in bovine ROS (Ahmad et al., in press). Thus, trans-
genic Xies emerged as an attractive model for use of chime-
ric Rho–Rh1 pigments to probe (a) determinants of Rh1
for the maintenance of the rhabdomere, and (b) Rho inter-
action with transducin. We constructed a series of chimeric
Rho–Rh1 pigments, targeting the cytoplasmic loops C2
and C3, and the C-terminus (Ct) for substitutions (Fig. 1)
(Ahmad et al., unpublished observation). The rationale for
the chimera design was two-fold. First, the cytoplasmic
domains of Rh1 are well-placed to interact with photore-
ceptor cytoskeletal components. Second, the C2, C3, and Ct
domains of Rho had been earlier implicated in the Rho
interaction with transducin (Acharya, Saad, & Karnik,
1997; Cai, Itoh, & Khorana, 2001; Ernst et al., 2000; Konig
et al., 1989; Marin et al., 2000; Natochin, Gasimov, Mous-
saif, & Artemyev, 2003; Ridge, Zhang, & Khorana, 1995;
Shi, Osawa, Dickerson, & Weiss, 1995; Yamashita, Terak-
ita, & Shichida, 2000; Yang, Farrens, Hubbell, & Khorana,
1996). Expression of the Rho–Rh1 chimeras in transgenic
Drosophila under the Rh1 promoter revealed the critical
role of the Rh1 C-terminal domain in the maintenance of
rhabdomeric structure (Ahmad et al., unpublished observa-
tion). In this study, we examined the coupling of chimeric
rhodopsins to Drosophila Gq and transducin.
2. Materials and methods
2.1. Reagents
Guanosine 5-[-35S]thiotriphosphate triethylammonium salt (GTPS;
1100 Ci/mmol) was from Amersham Biosciences. GTP was from Sigma-Aldrich. Bovine rod outer segment (ROS) membranes were prepared as
described (Papermaster & Dreyer, 1974). Transducin (Gt) was extracted
from bovine ROS membranes using GTP as described in Stryer, Hurley,
and Fung (1983). Urea-washed ROS membranes (uROS) were prepared as
described in Yamanaka, Eckstein, and Stryer (1985). 1D4 monoclonal
antibody was received from The National Cell Culture Center (Minneapo-
lis, MN). H-300 polyclonal antibody was from Santa Cruz Biotechnology.
Rh1–Rho chimeric genes and transgenic Xies expressing Rho and chimeric
pigments in R1–R6 photoreceptor cells were constructed as described by
Ahmad et al. (unpublished observation, in press).
2.2. GTPS-binding assay
Light-dependent activation of Gt by Rho expressed in Drosophila was
measured using cleared Xy head homogenate (5 min, 500 £ g) equivalent to
2 heads per 100 l of 20 mM Hepes buVer (pH 8.0) containing 130 mM
NaCl and 2 mM MgSO4. Gt (3 M) and [
35S]GTPS (20 M, 2 Ci/mmol)
were added to the homogenates in the dark, which were either left in the
dark or exposed to light. At the indicated time points, aliquots were
removed from the reactions and mixed with 1 ml of 50 mM Tris–HCl (pH
7.5) buVer containing 100 mM NaCl, 4 mM MgSO4, and 1 mM GTP. Sam-
ples were then applied to nitrocellulose Wlters (Whatman), washed three
times with 3 ml of the same buVer without GTP, and counted in a liquid
scintillation counter. The rates of GTPS are given as a mean § SE for
three independent measurements. To compare the activities of Rho from
Xies and native Rho, similar GTPS binding assays were carried out using
bovine uROS membranes.
2.3. Western blotting
The levels of chimeric pigment expression in Drosophila were
assessed by Western blotting of transgenic Xy head homogenates using
uROS containing known concentrations of Rho as standard. Serial dilu-
tions of Xy head homogenates were loaded on a 10% SDS–polyacryl-
amide gel. The proteins were separated, transferred onto a nitrocellulose
membrane and detected using a 1:5000 dilution of anti-Rho 1D4 mono-
clonal antibody, a 1:500 dilution of H-300 polyclonal antibody against
the N-terminal portion of Rho, or a 1:3000 dilution of anti-Rh1 poly-
clonal antibody. The estimates of chimeric pigment concentration were
used to equalize chimeric rhodopsin concentrations in the GTPS-bind-
ing assays.
2.4. ERG analysis of transgenic Xies
Electroretinograms (ERGs) were carried out to assess the ability of the
chimeric rhodopsins to activate the Drosophila phototransduction cascade.
We analyzed Xies in which the R1–R6 photoreceptors expressed only one
of the chimeric rhodopsins, and the R7 and R8 photoreceptors did not
contribute to the ERG response. For the RhoC2–Rh1, the Rho–Rh1 trans-
gene was on the second chromosome and thus the experimental strain ana-
lyzed was w norpA; pRh1–RhoC2–Rh1; pRh1–norpA ninaE
I17/ninaEI17.
For RhoC3–Rh1 and RhoCt–Rh1, the Rho–Rh1 transgene was on the third
chromosome and thus the experimental strains analyzed were w norpA;
pRh1–norpA ninaEI17/pRh1–RhoC3–Rh1 ninaE
I17 and w norpA;
pRh1–norpA ninaEI17/pRh1–RhoCt–Rh1 ninaE
I17. In all strains, the
presence of norpA; pRh1–norpA restricts light induced activity to the
R1–R6 cells, and ninaEI17 eliminates the Rh1 rhodopsin from the R1–R6
cells, allowing the Rho–Rh1 transgene to express the only rhodopsin con-
tributing to the ERG response. Negative control Xies were a similar geno-
type but lacked a Rho–Rh1 transgene, and the positive controls were a
similar genotype possessing a functional Rh1 gene. All Xies retained some
eye pigmentation due to the presence of the mini-white marker in both the
pRh1–norpA and pRh1–Rho–Rh1 transgenes. ERGs were recorded
from two day-old Xies using standard techniques (Washburn & O’Tousa,
1992). A three log unit range of white light stimuli were administered by
use of 100 W halogen light source producing approximately 10,000 lux for
the brightest stimulus and attenuated by use of neutral density Wlters for
the dimmer stimuli.
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3.1. Design of Rho–Rh1 chimeras to probe the receptor/
G-protein interactions
The cytoplasmic loop (C1) was excluded from the analysis
because it is very short, relatively conserved between Rho
and Rh1, and has not previously been implicated in the Rho–
transducin interface. RhoC2–Rh1, RhoC3–Rh1, and RhoCt–
Rh1 chimeras with individual substitutions of the cytoplas-
mic domains C2 and C3 and Ct by the corresponding regions
of Rho (Fig. 1, Ahmad et al., unpublished observation) were
designed based on a two-dimensional model of rhodopsin
(Palczewski et al., 2000). On the basis of the Rho crystal
structure, this model predicts probable topography of Rho in
the membrane and the surface exposure of residues on thecytoplasmic side (Filipek, Stenkamp, Teller, & Palczewski,
2003). In the replaced sequences, the surface exposed cyto-
plasmic loops were extended by the juxtamembrane seg-
ments. These juxtamembrane segments are buried in the
rhodopsin ground state but are likely to become surface
exposed in the activated Meta II conformation of Rho (Fil-
ipek et al., 2003; Hubbell et al., 2003, Hubbell, CaWso, &
Altenbach, 2000; Janz & Farrens, 2004; Okada et al., 2001;
Palczewski et al., 2000).
3.2. Individual cytoplasmic loops C2, C3 and the C-terminal 
domain of Rh1 are not absolutely required for the coupling to 
Drosophila Gq
RhoC2–Rh1, RhoC3–Rh1, and RhoCt–Rh1 chimeras are
expressed in transgenic Xies at high levels and are correctlyFig. 1. Secondary structure diagrams of Rh1–Rho chimeras and sequence alignments of the substituted cytoplasmic regions. Bovine Rho and Drosophila
Rh1 sequences in chimeras are shown as open and Wlled circles, respectively. The diagram style is adopted from Palczewski et al. (2000).
cytoplasmic side cytoplasmic side
cytoplasmic side
cytoplasmic side
extracellular side extracellular side
extracellular side
extracellular side
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et al., unpublished observation). The ability of Rho–Rh1
chimeras to couple to Drosophila Gq and activate the Xy
phototransduction cascade was examined using electroreti-
nography. In these ERG experiments, the light response
from R7 and R8 photoreceptor cells was eliminated by
expressing the norpA-encoded phospholipase C only in R1–
R6 photoreceptor cells. Consistent with this expectation, no
ERG response could be elicited from control Xies lacking a
functional visual pigment in the R1–R6 cells while robust
ERG responses were present in Xies expressing the native
Rh1 rhodopsin in the R1–R6 cells (Fig. 2A and B).
The intact bovine Rho protein evoked no ERG response
in this experimental system (Fig. 2C, see also Ahmad et al.,
in press). In contrast, RhoC2–Rh1, RhoC3–Rh1 or RhoCt–
Rh1 chimeric rhodopsins produced strong ERG responses,
even to the dimmest light stimuli (Fig. 2D–F). These results
show that the inability of Rho to activate Drosophila Gq is
not due to the lack of a single essential determinant on
cytoplasmic domains C2, C3, or Ct. Rather, multiple motifs
located on diVerent cytoplasmic domains are involved in
the activation of Drosophila Gq.
3.3. Chimeric Rho–Rh1 pigments with the cytoplasmic 
domains of Rho did not gain the ability to activate transducin
Unlike Rh1, bovine rhodopsin expressed in Drosophila
activates transducin in a reconstituted system similarly to
native Rho from bovine ROS membranes (Ahmad et al., in
press). We tested whether the introduction of individual
cytoplasmic domains C2, C3, or Ct into the Rh1 protein
would enable the receptor to couple to transducin. In con-
trast to Rho, RhoC2–Rh1, RhoC3–Rh1, and RhoCt–Rh1reconstituted with puriWed bovine Gt showed no apprecia-
ble light-dependent activation of transducin using Xy
head homogenates containing equivalent concentrations of
the pigments (Fig. 3). We then tested the Rh1 chimera
RhoC2+3+t–Rh1 that contained all three cytoplasmic
domains (C2, C3, and Ct) from Rho (Ahmad et al., unpub-
lished observation; Fig. 1). The quantitative immunoblot
analysis indicated that the level of RhoC2+3+t–Rh1 expres-
sion in Xies is dramatically (»30-fold) lower than that for
Rho (not shown). However, the rescue of the rhabdomere
appearance phenotype in the Rh1 null Xies upon expression
of RhoC2+3+t–Rh1 suggests that the trace amounts of the
expressed pigment were properly folded and targeted to the
Fig. 3. Light-dependent GTPS binding to transducin in the presence of
Drosophila-expressed Rho, Rh1–Rho chimeras or Rh1. The binding rates
were calculated from slopes of [35S]GTPS binding reactions containing
transducin (3 M) and equivalent concentrations of Drosophila-expressed
Rho, RhoC2–Rh1, RhoC3–Rh1, RhoCt–Rh1, or Rh1 (estimated 25 nM
each). The rates are expressed as fractions of the [35S]GTPS binding rate
in the presence of Rho (0.072 min¡1, 100%).
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did not detect any signiWcant activation of transducin using
head homogenate from Xies expressing the low levels of
RhoC2+3+t–Rh1 (not shown).
3.4. The Ct domain of Rho is not essential for transducin 
activation
Since the placement of the cytoplasmic domains of
Rho onto the Rh1 template produced no gain of trans-
ducin coupling, we investigated the utility of a Rho–Rh1
chimera based on the Rho template. Chimeric Rho with
the C-terminal sequence from Rh1, Rh1Ct–Rho (Fig. 4A),
can be eYciently expressed in Xy photoreceptor cells R1–
R6 (Ahmad et al., unpublished observation). We com-
pared the levels of Rh1Ct–Rho and Rho expression in Xies
by quantitative immunoblot analysis with antibodies
against the 1–300 N-terminal amino acid residues of Rho.
This analysis indicates that Rh1Ct–Rho was expressed in
transgenic Drosophila at »40–50 ng per Xy head, which is
equivalent to the expression of Rho in Xies (Fig. 4B). The
ERG analysis of Rh1Ct–Rho expressing Xies indicated
that, similarly to Rho, Rh1Ct–Rho does not activate the
phototransduction pathway in Drosophila (data notshown). Using equivalent concentrations of Rh1Ct–Rho
and Rho, the rates of transducin activation by the two
pigments were similar (Fig. 4C).
4. Discussion
The use of transgenic Drosophila expressing chimeric
Rho–Rh1 pigments to probe GPCR/G-protein interaction
revealed several interesting features of the Rh1/Gq and
Rho/transducin systems. An extensive body of evidence
demonstrates important roles of cytoplasmic loops 2 and 3
in many GPCRs for binding and activation of G-proteins
(Gether, 2000; Wess, 1998). A surprising Wnding with
respect to the Rh1/Gq coupling is that none of the individ-
ual Rh1 cytoplasmic regions, C2, C3, or Ct, are absolutely
necessary for stimulation of Drosophila Gq. One explana-
tion for the ability of RhoC2–Rh1, RhoC3–Rh1, and RhoCt–
Rh1 to activate phototransduction in Xies is that the cyto-
plasmic regions of Rho can substitute the corresponding
regions in Rh1. This explanation is plausible for RhoC2–
Rh1. The C2 loops in Rho and Rh1 have equivalent lengths
and contain several conserved residues (Fig. 1). However,
the pigments’ C3 loop and Ct are strikingly diVerent
(Fig. 1). Rh1 C3 is much larger than, and shows littleFig. 4. Characterization of Drosophila-expressed Rh1Ct–Rho. (A) Secondary structure diagram of the Rh1Ct–Rho chimera. (B) Immunoblot analysis of the
expression levels of Rho and Rh1Ct–Rho in transgenic Drosophila. Immunoblots were probed with H-300 polyclonal antibodies (Santa Cruz Biotechnol-
ogy) at 1:500 dilution. (C) Time courses of [35S]GTPS binding to transducin (3 M) in the presence of Drosophila-expressed Rho and Rh1Ct–Rho (25 nM
each) under light and dark conditions.
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tions or replacements within the C3 loop of Rho (Kim
et al., 2005; Natochin et al., 2003; Shi et al., 1995; Yang
et al., 1996) and other GPCRs (Gether, 2000; Wess, 1998;
Yin et al., 2004) often uncouple receptors from G-proteins
or switch receptor selectivity. The role of the C3 loop in
Rh1 might not be as critical as it is in Rho.
Another rather unexpected observation is that chimeric
pigments carrying individual loops C2, C3, or Ct of Rho
fail to activate transducin. In contrast, replacement of only
the C3 loop in Rho by the corresponding loops of Go and
Gs-coupled receptors has been shown to lead to light-
dependent activation of Go and Gs, respectively (Kim
et al., 2005; Yamashita et al., 2000). The inability of RhoC2–
Rh1, RhoC3–Rh1, and RhoCt–Rh1 to activate transducin
clearly indicates that the presence of a single Rho cytoplas-
mic domain within the chimeric pigments is not suYcient to
produce transducin activation. Chimera RhoC2+3+t–Rh1
combining cytoplasmic loops C2, C3, and Ct from Rho is
expressed in Drosophila at markedly lower levels than Rho.
Consequently, the failure of RhoC2+3+t–Rh1 to couple to
transducin could be attributable to either protein folding
defects or low chimeric protein concentration in the assay.
Yet this pigment dramatically improves the rhabdomere
appearance in transgenic Xies (Ahmad et al., unpublished
observation). Thus, it is also possible that RhoC2+3+t–Rh1 is
folded correctly, but the Rh1 helical scaVold in the light-
activated state does not properly position the Rho cyto-
plasmic domains for interaction with transducin. This may
result if the conformation of the helical bundle in Rh1 met-
arhodopsin is suYciently diVerent from the Rho Meta II
conformation.
The role of the C4 loop and the Ct domain of Rho in the
interaction with transducin remains controversial. Several
mutagenesis studies indicated that the C-terminal region of
Rho is not required for the G-protein interface (Osawa &
Weiss, 1994; Weiss, Osawa, Shi, & Dickerson, 1994). Other
studies assigned a major role in transducin activation to the
Rho C4 loop (Ernst et al., 2000; Marin et al., 2000). Resi-
dues Asn310Lys311 have been found to be particularly
important. It has been also suggested that Asn310Lys311 in
Rho may play a structural role, whereby mutations of these
residues interfere with the global protein folding, and indi-
rectly with the binding of transducin (Natochin et al., 2003).
Chimera Rh1Ct–Rho containing the Ct domain of Rh1
allowed us to address the existing controversy. The Ct
domains of Rho and Rh1, including the C4 regions, share
very little homology, and the Rho Asn–Lys pair correspond
to His–Pro in Rh1 (Fig. 1). Nonetheless, Rh1Ct–Rho acti-
vated transducin in a light-dependent manner as potently
as Rho, suggesting that Ct of Rho is not directly involved in
coupling to transducin.
Vertebrate rhodopsins are among the most studied and
best understood GPCRs. The structure–function relation-
ships in many invertebrate rhodopsins remain obscure. Our
other report (Ahmad et al., unpublished observation) and
this study demonstrate the usefulness of Rho–Rh1 chime-ras expressed in transgenic Drosophila to probe two very
diVerent cellular functions such as maintenance of rhabdo-
meric structure and rhodopsin-G protein coupling. Trans-
genic Drosophila may prove to be a practical system for
expression, investigation, and comparison not only of ver-
tebrate and invertebrate visual pigments, but also of other
groups of vertebrate and invertebrate GPCRs.
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